Resting suspensions of cells of Sacchuromyces cereuisiue grown in iron-rich or iron-deficient conditions were studied by following the fluorescence emission changes (Ae,,,. 400-460 nm, Aexc. -340 nm) occurring in these suspensions upon addition of glucose and ferric iron. The results show that, in addition to NAD(P)H, metabolites of the aromatic amino acid pathway interfere with the fluorescence measurements, and that they could be involved in ferric iron reduction. Wild-type strains of S. cereuisiue are known to excrete anthranilic acid and 3hydroxyanthranilic acid in response to glucose. The major fluorescing compound excreted by a chorismatemutase-deficient mutant strain of S. cereuisiue was identified as anthranilic acid. The excretion of anthranilic and 3-hydroxyanthranilic acids was correlated with the ferric-reducing capacity of the extracellular medium. Excretion during growth was much greater by cells cultured in iron-rich medium than by cells grown in iron-deficient medium.
Introduction
Many micro-organisms respond to iron limitation by excreting low molecular mass siderophores. These are hydroxamates or catecholates that chelate ferric iron, making it available for transport (Winkelmann & Huschka, 1987) . However, the yeast Saccharomyces cerevisiae excretes no siderophores. The main strategy used by this organism for iron acquisition is similar to that of many plants : a trans-plasma-membrane redox system catalyses electron transfer from the interior of the cells to extracellular ferric chelates. The Fe2+ ions are then taken up by the cells independently (Lesuisse et al., 1987;  Lesuisse & Labbe, 1989;  Dancis et al., 1990) .
Several plants and micro-organisms, when grown in iron-limited conditions, also release fluorescing molecules, very often small phenolic compounds. Those molecules are not siderophores but they could facilitate the transport of iron into the cell in several ways: they could maintain Fez+ in the reduced state after reduction of the ferric species at the plasma membrane and/or they could solubilize iron in the growth medium or even directly reduce certain ferric species (Olsen et al., 198 1 ; Romheld, 1987) . Such reducing/chelating compounds were previously shown to be excreted by S. cerevisiae, but they were not identified (Lesuisse et al., 1987) .
The present paper re-examines the production and excretion of fluorescing material by S. cerevisiae in relation to the iron status of the cells. Methods mutant which is also deficient in ferri-reductase activity (Lesuisse & Labbe, 1989) , and FL200 is a parental strain of G204.
The cells were precultured and cultured either in complete media (containing about 10 pM-iron) or in iron-rich [ 180 p~-Fe(III)-citrate] or iron-deficient (less than 10 nM residual iron) media as previously described (Lesuisse & Labbe, 1989) . The iron-trapping reagent ferrozine (50 mg I-') was added to iron-deficient media to decrease the availability of residual iron. The ferri-reductase activity of the washed cells was determined spectrophotometrically (Lesuisse et al., 1987) , with 360 p~ Fe(III)-citrate as substrate and 5% (w/v) glucose in 50 mMcitrate buffer, pH 6.5.
For measuring the correlation between the ferric-reducing capacity of the extracellular medium and excretion by the cells of 3hydroxyanthranilic acid (OH-AA) or anthranilic acid (AA), cells grown in either iron-rich or iron-deficient medium were washed and suspended at 20 mg wet wt ml-I in 50 mM-MOPS buffer, pH 7. The cell suspension was incubated at 30 "C in the presence of 5% (w/v) glucose. Samples (1 ml) were withdrawn at intervals (about every 10 min), centrifuged, and the supernatants were divided into two portions. To one portion, 360 pM-Fe(III)-citrate and 1 mM-bathophenanthroline sulphonate (BPS) was added; after 15 min incubation in the dark the amount of Fe(1 I) was determined spectrophotometrically [ E (~~~)~ -F611) = 19.5 m~-'cm-l]. The second portion of each supernatant was used to assay AA and OH-AA fluorimetrically as described below.
Kinetics of fluorescence changes in suspensions of whole cells. The
kinetics were followed in a Jobin-Yvon JY 3D thermostated recording spectrofluorimeter equipped with a Hamamatsu R928H4 photomultiplier tube. Despite the theoretical limitations imposed by the high turbidity of the yeast cell suspensions when using a classical fluorimeter, we found a good relationship between fluorescence intensity and the number of yeast cells for the Jobin-Yvon spectrofluorimeter, approaching that measured in the Eppendorf photometer 1101 M with fluorimeter attachment (Estabrook, 1962) . The cells (20 mg wet wt m1-I) were incubated in MOPS buffer (50 mM, pH 7) at 30 "C with magnetic stirring in a 3 ml quartz cuvette with an excitation beam (A,,,) of 300-340 nm, and the fluorescence emission (400-460 nm) was recorded as a function of time. The band widths of the four slits were: 2 nm each for the excitation monochromator entry and exit and 4 nm for the emission monochromator entry and 20 nm for the exit. Excitation and/or emission spectra were recorded at specific times during incubation in some of the assays.
Measurements of AA, OH-AA and tryptophan in whole cells, and in the culture andlor incubation medium.
AA and OH-AA concentrations in iron-rich and iron-deficient cultures were determined fluorimetrically after extracting cell-free samples with ethyl acetate (Miozzari et al., 1978) .
Intracellular AA and OH-AA were determined fluorimetrically in cell extracts prepared by incubating cells in hot (90 "C) water at 100 mg wet wt ml-I for 20 min.
The fluorescent molecules (including tryptophan, AA and OH-AA) excreted by the cells in resting suspensions were assayed directly in the supernatants from centrifuged cell suspensions.
In each case, the excitation spectrum was recorded and the amounts of AA or OH-AA and eventually of tryptophan were determined by reference to standard curves obtained with commercial products (AA from Fluka, OH-AA and tryptophan from Aldrich).
Results and Discussion

Excretion of aromatics by cells
These studies were carried out to estimate the relationship between ferric iron reduction by whole cells . Cells of strain F1200 (a) were grown for 6 h in iron-rich (trace 2) or iron-deficient medium (trace 1). Cells of strains RH1242 (b) and RH7 12 (c) were grown for 15 h in complete medium and harvested in the experimental phase. Cells in (b) and (c) were treated as in (a) except that no iron was added. and the change in intracellular NAD(P)H, monitored according to Estabrook (1 962) . Resting suspensions of intact yeast cells grown under iron-rich or iron-deficient conditions were used to follow the changes in fluorescence emission (Aexc. 300-340 nm, Aem. 400-460 nm) occuring upon addition of substrates, ferric salts and/or inhibitors. Our recordings were highly reproductible (Fig. 1) . The changes in fluorescence emission at 450 nm with A, , , . = 340 nm essentially reflect the changes in intracellular levels of reduced pyridine nucleotides and in the rate of NADH binding, since bound NADH fluoresces 8-1 2-fold more than free NADH (Estabrook, 1962 ). An initial increase occurred when the cell suspension reached anaerobiosis and there was a peak of fluorescence immediately after adding glucose ; these changes were similar in all the strains tested (Fig. 1 a-c) . for both iron-rich and iron-deficient cells (Fig. 1 a) addition of a ferric salt [Fe(III)-citrate, Fe(II1)-EDTA, ferricyanide] to the cell suspensions resulted in a sudden drop in fluorescence emission which was followed by a new increase in the case of iron-deficient cells only ( Fig.  1 a) . The increase in fluorescence emission was maximum at Aem. = 415 nm (Aexc. = 325 nm) for a wild-type strain (FL200 or X2180-1 A) and at Aem. = 400 nm (Aexc. = 318 nm) for a strain deficient in chorismate mutase activity (RH1242). The rate of increase was closely related to the ferri-reductase activity of the cells : with all strains tested and all substrates used [ferricyanide, Fe(II1)-EDTA, Fe(III)-citrate], the rate of fluorescence increase after ferric iron addition was always strictly proportional to the rate of iron reduction by the cells, whatever their growth conditions, and both processes were inhibited at identical rates by the same inhibitors (diethylstilboestrol, vanadate, permeabilizing agents, uncouplers; data not shown). The typical recording in Fig. l(a) results from the following changes. First, the drop in fluorescence emission after addition of ferric iron is essentially due to the ferric salts quenching the fluorescence of all molecules absorbing in the UV (up to 400 nm), including of course NAD(P)H. [The drop was proportional to the absorbance, in the range 330-340 nm, of the reagent added : Fe(III)-citrate > Fe(II1)-EDTA > ferricyanide; no effect of Fe2+ or of other cations such as Cu2+, Ga3+, A13+, Cr3+, Co2+]. The subsequent increase in fluorescence emission that occurs in irondeficient cell suspensions is mainly due to a fluorescing compound partly excreted into the extracellular medium and results from the decrease of the quenching effect of ferric iron which is rapidly reduced by the cells with induced ferri-reductase activity (iron-deficient cells) into non-quenching ferrous iron. The excretion of a fluorescent molecule [maximum excitation at 325 nm (FL200) or at 318 nm (RH1242)l by the resting cells was monitored by following the excitation spectra (Aexc. = 300-360 nm, Aem. = 400 or 415 nm) of centrifuged samples (data not shown). The total production of these fluorescent compounds by the resting cells was also followed continuously (Fig. 1 a-c, dashed lines) ; it was stimulated by adding glucose (Fig. la, 6 ) and did not occur in a strain deficient in anthranilate synthase activity (Fig. 1 c) . The intensity of extracellular fluorescence emission was proportional to the ferric reducing capacity of the extracellular medium (data not shown).
We have previously shown that one or more reducing compound(s) is/are excreted by yeast cells incubated with glucose, but the molecule(s) was not identified (Lesuisse et al., 1987) . HPLC analysis (unpublished results) and comparisons with the fluorescence properties of commercial products indicate that the major fluorescent compound excreted by the mutant strain RH1242 is anthranilic acid, and the major fluorescent compound excreted by the wild-type strains is 3hydroxyanthranilic acid. To our knowledge, this is the first time that OH-AA acid has been detected in S.
cereuisiae.
Relationships with iron metabolism
Small molecules derived from the metabolism of aromatic amino acids and having iron-reducinglchelating properties are known to be excreted by several plants and micro-organisms in relation to their iron status [e.g. excretion of caffeic acid by plants (Romheld, 1987) , excretion of 2,3 dihydroxybenzoate (Downer et al., 1970) or anthranilate (Rioux et al., 1986) by bacteria]. To determine whether such an interaction between excretion of aromatics and iron metabolism exists in S. cereuisiae, we monitored excretion of AA and OH-AA by cells under two experimental conditions : resting cells previously grown in iron-rich or iron-deficient medium, and growing cells in iron-rich or iron-deficient medium (Fig. 2) . Excretion of OH-AA by cells of' a wild-type strain (X2180-1 A) in resting conditions was independent of their iron status ( Fig. 2a ), confirming our previous report (Lesuisse et al., 1987 ) that iron-deficient and ironrich cells in resting suspension excrete similar amounts of iron-reducing compounds. In contrast, resting cells of the mutant strain RH 1242 (which overproduced AA) that had been grown in iron-rich medium excreted more AA than those that had been grown in iron-deficient medium (Fig. 2a ); in the same conditions, this strain also excreted tryptophan, at a rate [about 20 nmol h-l (g wet wt)-'] that was independent of the iron status of the cells (data not shown). Both strains excreted more AA and OH-AA during growth in iron-rich medium than in iron-deficient medium (Fig. 26) . The intracellular levels of AA and OH-AA varied little (data not shown). This result was not due to a reduced viability of the cells growing in ironpoor medium, since AA and OH-AA excretion increased significantly as soon as the cells were transferred to ironrich medium, before any difference in growth could be detected (Fig. 2b) . The results in Fig. 2 do not seem to indicate that excretion of AA and OH-AA plays a physiological role in iron assimilation by the cells, since excretion did not increase in response to iron-limitation.
Excretion of aromatics and cell ferri-reductase activity Gaines et al. (1981) showed that the siderophore reductase activity of Bacillus subtilis is associated with two aromatic biosynthetic enzymes, chorismate synthase and dehydroquinate synthase. They proposed that 'a portion of the ferrisiderophore reductase activity in B. subtilis could be catalysed by a reductase that also is essential for aromatic biosynthesis'. Reciprocally, Hasan & Nester (1978) showed that an NADPH-dependent flavin reductase exhibiting a diaphorase activity was required for activation of chorismate synthase in B. subtilis. The purified protein had a low PI (4.79, was specific for NADPH and required FMN for reduction of 2,6-dichlorophenol-indophenol. We have found that the ferri-reductase purified 100-fold from plasma membranes of S. cerevisiae has similar characteristics (Lesuisse et al., 1990) . The chorismate synthase of the fungus Neurospora crassa is also a flavoprotein, with an intrinsic NADPH-dependent activity, and it was suggested that the diaphorase activity might have importance as a regulatory mechanism (Welch et al., 1974) . There could therefore be an interaction between aromatic amino acid biosynthesis and iron metabolism via chorismate synthase in S. cerevisiae, involving a multifunctional reductive system that both promotes the reductive assimilation of iron and activates chorismate synthase. Our experiments favour the existence of a link between aromatic metabolism and the ferri-reductase activity of the cells. Cells grown in iron-rich or in irondeficient medium with tryptophan or phenylalanine as carbon source exhibited a 2-fold greater ferri-reductase activity than did control cells grown with glutamate or glucose (data not shown). In addition, the ferri-reductase activity of whole cells of a histidine auxotroph (strain FL200) was 3-fold higher when the cells were incubated for 2 h in a minimal medium without amino acids than when they were incubated in the same medium supplemented with all 20 amino acids (the cells were precultured for 24 h in both cases in the same aminoacid-rich medium). Chorismate synthase activity is similarly activated in S. cerevisiae : the corresponding A R 0 2 gene is regulated by the general control activator protein GCN4 (Jones & Braus, 1990) . Finally, the production of anthranilate by resting cells of strain RH 1242 was strongly inhibited by 75 pM-diethylstilboestrol, which also strongly inhibits the ferri-reductase activity of the cells at this concentration (unpublished results). Limited amounts (10 VM) of the artificial electron acceptor resazurin also produced a transient inhibition. Resazurin, which is a low-affinity substrate of the ferri-reductase, was used instead of ferric iron because of its low quenching effect at low concentration. These inhibitory effects were more pronounced with the strain RH1242 than with strains producing OH-AA instead of AA.
The possible link between chorismate synthase and the ferri-reductase activity of the cells was further investigated by using the chorismate-synthase-deficient mutant strain RH 1 127 and the mutant strains W 103 and G204, which are deficient in ferri-reductase activity. As shown in Fig. 3(a) , the strains G204 and W 103 excreted very little AA and OH-AA compared to their parental strains. However, the chorismate-synthase-deficient strain (RH 1 127) had normal ferri-reductase activity that was even lower than that of the parental strain (Fig. 3b ).
General conclusions
Micro-organisms which produce catecholate-type siderophores in response to iron-limitation should be able to regulate carbon flux through their aromatic biosynthetic pathways as a function of the iron status of the cells. The same could be true for the organisms like S. cerevisiae, that excrete small aromatic compounds having ferric chelatinglreducing properties. A simple regulatory model was proposed for B. subtilis (Gaines et al., 1981) : in this organism, a multifunctional reductase acts either as an activator of chorismate synthaseaccounting for the increased production of dihydroxybenzoate under iron limitationor as a ferrisiderophore reductase, which would divert part of its reducing potential away from chorismate synthase in the presence of iron.
Our results suggest that such a model is not operating in S. cerevisiae. Production of AA and OH-AA decreased growth (b). (a) 0 , Strain FL200 (wild-type); 0 , strain G204; a, strain F113 (wildtype); 0 , strain W103. (b) ., Strain X2180-1A (wild-type), iron-rich medium; B, strain RH1127, iron-rich medium; 0 , strain X2180-1A, iron-deficient medium; 0 , strain RH 1 127, irondeficient medium.
under iron limitation. If there were competition for reducing equivalents between chorismate synthase and ferri-reductase, then the ferri-reductase activity in whole cells of the chorismate-synthase-deficient mutant should be greater, but this was not the case (Fig. 36) . The problem could, however, be more complicated, since there are several enzymes with ferric-iron-reducing properties associated with different subcellular fractions in S. cereuisiae (Lesuisse et al., 1990) . The presence of OH-AA in all wild-type strains of S. cereuisiae raises the question of whether the metabolism of tryptophan by yeast cells involves the tryptophan oxygenase pathway, which has not been detected so far in S. cerevisiae (see Gaertner, 1981) or an alternative (oxidative?) pathway starting from anthranilate.
Finally, our results suggest that in yeast there is some link between the excretion of aromatics and iron metabolism (see, for example, Fig. 3a) . The nature of this link and the physiological role of excretion of aromatics by S. cereuisiae remain unknown, but studies are in progress in order to clarify these questions.
